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Abstract: - This research establishes a definitive closed-form equation for the average run length (ARL) of the
double modified exponentially weighted moving average (DMEWMA) control chart employed for the
ARMA(p,q) process. The proposed formula is derived analytically and validated through comparison with the
numerical integral-equation (NIE) method. To assess the agreement between the two methods, we examine the
percentage of accuracy. To evaluate the monitoring capabilities of the DMEWMA chart, additional
performance metrics—SDRL and MRL—are computed across various chart design configurations. We use
RMI, AEQL, and PCI to examine how well the DMEWMA chart detects mean-process shifts when applied to
the modified EWMA (MEWMA) and the EWMA charts. A real-world example of monthly unemployment-rate
production-index data from Bangkok and southern Thailand demonstrates the effectiveness of the explicit
ARL-based DMEWMA chart in detecting changes in process means. The findings demonstrate that the
DMEWMA chart outperforms the MEWMA and EWMA charts in identifying process shifts.
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1 Introduction alterations in the process by [8], [9]. A double
In the present day, the Statistical Process control modified exponentially weighted moving average
chart is more widely used than other tools for the control chart (OMEWMA) was recently developed
control and detection of deviations in the production in a study, [10]. This chart extends and incorporates
process. This is due to its high efficiency and ability the features of MEWMA to further enhance the
to plainly display the results when the production ability to detect process abnormalities. These
process changes. When there is a significant advancements have resulted in the continuous
movement in the process mean, the Shewhart evolution of statistical control charts to
control chart performs better than other chart types accommodate  the  growing  complexity  of
at identifying changes  considerably,  as manufacturing processes and to facilitate the timely
demonstrated by the previous study, [1], [2], [3], [4]. |d_ent|f|cat|on of abnormalities in both large and
In contrast, the Exponentially Weighted Moving minor average changes. -

Average control chart (EWMA) control chart is ~ It'is common for observations to be normally
superior at identifying minor deviations in the mean, distributed and independent. ~However, the
[3, [5], [6]. Subsequently, the Double characteristics of the application might appear non-
Exponentially Weighted Moving Average control normal in reality. For example, the number of
chart (DEWMA) was created by [7], which defects is best suited to a Poisson distribution, while
demonstrated superior efficacy in comparison to the temporal data is best suited to an exponential
original EWMA chart in subsequent investigations. distribution when the observations are correlated
A modified exponentially weighted moving average across process variables. This may lead to an
control chart (MEWMA) has been suggested as a elevated rate of false alarms. For instance, economic
method for the efficient identification of minor data, [11], health data, [12], and water toxicity data,

[13], are all examples of stationary time series with
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exponentially distributed errors, [14], [15].
Nevertheless, time series may be either stationary or
non-stationary. Consequently, the objective of this
research is to investigate the quality control aspects
of non-stationary time series with exponentially
distributed errors in which observations are
correlated. Control charts are investigated using the
Average Run Length (ARL), which is separated into
two categories: ARL; (in-control ARL) when the
process is under control and ARL; (out-of-control
ARL) when the process is not under control. In
general, the average run length (ARL) is a metric
that is employed to evaluate the efficacy of control
charts. Prior investigators have formulated
numerous techniques to ascertain average run
length. A widely utilized technique is Monte Carlo
simulation, which is constrained by notably
extended processing durations. Furthermore, the
Markov chain method, [16], is a widely used
approach for approximating the ARL value;
however, it falls lacking in terms of convergence
properties. In the numerical integral equations (NIE)
technique, the ARL is determined by employing
exact mathematical calculations. These calculations
include the Gaussian rule, the trapezoidal rule, and
Simpson's rule, among others. The fact remains,
however, that there is no fundamental convergence
theory, [17], [18], [19], [20]. Researchers have been
motivated to investigate advanced mathematics to
develop explicit formulas for calculating the ARL as
a result of the limitations of the aforementioned
methods. Several researchers have investigated this
method and discovered that these explicit formulas
are highly efficient and accurate, necessitating
substantially less computing time than conventional
methods. Explicit formulas for CUSUM control
charts under correlated processes have been
developed in earlier studies, [21], [22].
Subsequently, the studies, [23], [24], [25], focused
on deriving and validating explicit formulas for the
average run length (ARL) of EWMA control charts
under autocorrelated processes, comparing their
accuracy with that obtained from numerical integral
equation methods.  Subsequently, researchers
extended this work by deriving explicit formulas for
Extended EWMA, Modified EWMA, and
DMEWMA control charts under various forms of
data correlation, [26], [27], [28].

The author carried out research investigating the
average run length formula for DMEWMA control
charts for ARMA model data, which no other
researchers have explicitly explored to this point.
Moreover, the numerical integral equation approach
was utilized as a reference for the proposed ARL of
at the level of process mean variation. Furthermore,
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the performance of DMEWMA, MEWMA, and
EWMA control charts was additionally explored.

2 Materials and Methods

2.1 Process

In an ARMA(p,q) model, the sequences of Yt can be
expressed as:

Y =G+ A1 +hYi o+ + PV p +E —OE, 1)

_028t72 _"'_qut*q

where ¢, is the process mean, ¢, is the coefficient
of the AR model (-1<¢, <1), 6, is the coefficient
of the MA model (-1<6,<1) and ¢ is the

exponential white noise &, U Exp(p).

2.2 Control Charts

2.2.1 The Exponentially Weighted Moving

Average Control Chart
The EWMA is a control chart that is appropriate for
calculating moving averages of both historical and
current data. It is capable of identifying process
mean values that are less thani1.5c. The EWMA
control chart was initiated by [5]. The statistics
relating to the EWMA control chart are listed
below:

Z =, +1-1)Z,, 2
where A is an exponential smoothing parameter,

(0<2<1), Y, is a sequence of ARMA(p,q) model

with exponential white noise.
The EWMA control chart's UCL and LCL are
delineated as follows:

A
ﬂin(ﬂfﬂ’ 3

where the target mean is denoted by s, o is the
standard deviation of the process, and V, is the
width of the control limit.

The stopping time (z,,) is indicated as:

7, ={t>0:Z,<aorZ >b} 4)
where 7, is the stopping time, and a and b are LCL
and UCL, respectively.

2.2.2 The Modified Exponentially Weighted
Moving Average Control Chart

A MEWMA control chart was incorporated in the

study, [9]. The MEWMA control chart improves the

EWMA chart's ability to detect differences in
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processes. The MEWMA control chart can be
represented as follows:

M, :(1_}\'1)Mt—l+}\’lYt +r1(Y[ _Yt—l) (5)
where M, is initial values and Y, is a sequence of
ARMA(p,q) model, r, is suitable constant. The

upper and lower control limits of the MEWMA
control charts are given by:

A +2rl(ﬂb+rl) ©)

UCL/LCL = 1 +V
Ho MG\/z—z 2-4

where g and o represent the mean and standard
deviation of the process and V,, is the width of the
appropriate control limit.

The stopping time of the MEWMA control chart
(z,) is denoted as:

7y ={t=0:M,<corM, >d}
where ¢ and d are LCL and UCL, respectively.

(")

2.2.3 The Double Modified Exponentially

Weighted Moving Average Control Chart
The research, [10], created a DMEWMA control
chart capable of identifying modifications in the
process in a short amount of time. One way to
define the statistics of the DMEWMA is as
presented below.

D, =(1-%,)D, +A,M, +1,(M, =M, ), (8)
where M, =(1-2 )M +AY. +6(Y.-Y,) is the
MEWMA statistic, 4, and A, are exponential
smoothing parameters (0<4,4,<1), r, and r, are

appropriate constants, and Y, is a sequence of
ARMA(p,q) model att=1, 2, 3,....

A typical expression for the lower and upper
control limits can be found as outlined below:

UCL/LCL = 1, £V,0[F, (9)
where V, contains appropriate width of control
is a standard deviation with
r=r=r,, A=M=Xxand 6= (1-2)?outlined as

F=(r+a) +a (r+a) (r+a-1)
. A (r+n) (rea-1)7(1-a)

1-0
S (rea)(rea-1)"(1-2)

(1-0)

(1+90)

(1-0)

limits and F_

(10)

A (r+a-1)
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The stopping time (z,) is denoted as:

r,={t=0:D,<gorD, >h} (12)
where 7, is the stopping time, and gand h are LCL
and UCL, respectively.

3 Approaches to Estimating the
Average Run Length in Control
Charts

3.1 The Exact Solution of ARL on the
DMEWMA  Control Chart  for
ARMA(p,q) Process

The time series data that are analyzed with the

ARMA(p,q) model can be expressed as in Equation

Q).

Y= +AYi 1+ Yo+ + PV p+& —bie
— 6261_2 — . gqgt_q

(12)

Therefore, the DMEWMA statistic for ARMA(p,q)
model is given by:
Dl :(1_}\'2)D(71 +[(1_7\'1)7\'2 +(l_7\'1)r2 - rZ]le

+(AA, +0A, 0k +rr) (0, +€ )

1

P
+ (A, +TA, HEA +TE)D 0N, = (rh, + DY, .
(13)

In because the interval of Di in the control
process is [g, h], and the initial value Do = v, we can
identify
y=0QA, 1k, +rA + ),

+ (Klkz + |'1>\,2 + rz;% + r;rZ)zd)LA.fL - (|'1>\,2 + rirz)Yo

14)

+I(1-2)n, +(1-2)r —r]*

[(1-2)M_ +2Y, +r (Y, -Y,)],

then p<(1-2,)v+@Qn, + 1A, +1h +10)e +y <q.
(15)

After that, the control limit is transferred to the
exponential residual term &, , as follows:

g-(1-2,)v-y o < h—(1-2,)v-vy
(A, +rA, +1rA +11) (AA, +rh, +TA +11)
(16)
such that
h—(1-2, )V-y
(Ahy 400, 40,0, +0T,)

P(LCL<g <UCL)= f(e)de,. (17)

9-(1-, Vv

(400, 10 11,
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The ARL can be addressed through the
application of the Fredholm integral equation, the

ARL referred 3(v) can be expressed as
h—(1-2, )V—y _
G |LTRVEY
Y| +(AA, + A, [ T(X)dX

9(v)=1+
a-lih,Jroy +EAL 410X

(o TR A

1

+ *
(AA, +rA, +TA +11)

=1

dz.

h - — -

IS(Z)f z (1 7‘2)\/ v

g9 (XIXZ + r1>\'2 + r-27\'1 + r-lr-Z)
(18)

Using an exponential function, the explicit
formula of ARL regarding the ARMA(p,q) model
upon DMEWMA can be acquired by calculating the
integral equation in Equation (18), as illustrated in
the following:

(12, )V+y
e B(MA, +A, +1,h +1T, )

9(v)=1

+ *
BAA, + LA, + A, +11,)

h -z
‘[eﬁ()‘l)‘z+r1}”z+rz}‘1+|’1rz) 9( Z)dZ.
]

(19)
|f N = jeﬁ()~‘?,z+r‘)\z+rl7“+fxr1)S(Z)dz ’ Consequently
(12, )V+y
eB(}‘1)~z+r1}‘z+rz)‘1+r1rz)
9(v)=1+ * N, (20)
BAA, +TA, + LA, +1r)
Let n=( A, +rA, + A, +rr,), then
(1’}‘2 )V+‘V
( ) e pn
9(v)=1+——"——=N. (21)
pn
Moreover, N can be solved as follows:
(1-2,)z+y
h -z Bn
e
N = j e |14 N |dz
’ Bn
=—Pne" —e")——(@™ —e " )N (22)

A

2

Afterwards,
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(1—k2)v+w -h -g
e Bn (eﬁﬂ _eﬁn )
8(v)=1-[— 1 (23)

phn M2 SOk
1+-—(™ —-e™)
2
In Equation 11, a will equal zero for one-sided
DMEWMA,
hence, the explicit formula corresponding to ARL is
as follows:

(=2, )v+y  —h

e M (eﬁ—l)].

9(v)=1-[

v
pn  hhe

e
1+ (e ™ -1
A2( )

(24)

The explicit formula determining the ARL of
the DMEWMA control chart on the ARMA(p,q)

model is represented by 9(v) in Equations (23) and
(24), respectively.

3.1.1 On the Existence and Uniqueness of
Explicit Formulas

We demonstrate that the integral equation presented
in Equation (18) has a solution, and that this
solution is the only one of its kind in existence.
First, we will outline:

(12, )V+y

e fn h -z
T(S(v)):l+—IeB“9(z)dz.

pn

Theorem 1. (Banach’s fixed-point theorem)
Let T[g,h] be the set comprising all of the
continuous functions on a complete metric space
(X,d), and presume that T:X—>X is a

contraction mapping with contraction constant
0<s<l1;i.e,

(25)

IT(3)-T(%)|<s||4-%|| V4.9, X  (26)
Subsequently, w()eX is unique at
T(3(v))=(V); i.e., it has a unique fixed point in

X.
Proof: To demonstrate that T, as described in
Equation (11), constitutes a contraction mapping for

3,9, €T[g,h], we employ the inequality
[T -T(S)] <s]|%-4]
Va,4 eT(g,h) with 0<s<1.
(27)
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Z

T -T()|, = sup F(v)f(g (2)- 19(2))e””dz

-9 -h
< sup |4 -, F(v){eﬁ’7 —e””J
vel[g,h]
=188, " -¢”"| sup [F()] <3[4 - %]
velg,
(28)
where
o -h
s=e”” —e”| sup |F(v)| (29)
ve[g,h]
(1-2, V+y
pn
and F(v)="1 - 0<s<L. (30)
pn

Consequently, as validated by Banach's fixed-
point theorem, the solution is both existent and
unique.

3.2 ARL Approximation of the DMEWMA
Control Chart for ARMA(p,q) using the
NIE Method

It is a well-known approach that may be utilized to

validate the ARL by the use of the explicit formula.

The estimated ARL is derived by utilizing the NIE

method, which is derived by applying the composite

midpoint rule, which is designated by 9(v). The
result of ARL achieved by this approach is
extremely similar to that obtained by the proposed
method, and it also obtained the shortest CPU time.
The k linear equation system can be used to

determine 9(v) on the DMEWMA control chart.

This method is applied to the interval [g,h], where
the length of k is divided into intervals evenly, i.e.,

hj:h__g

with the middle point of the j™ interval

1 .
Z, =(j—5)hj+g. From Equation (19), 9, (v) can

be defined as:

k — — —
~1+=Yh 8(z) 1 {Zj (=2, )v ‘q
N ja n
(31)
The process of establishing the threshold value
1. Locate the in-control ARL, value set at 370 and
establish the control limit.
2. Choose the exponential smoothing parameters A,

and 4, , and the constant 1, and T,

3. Calculate the in-control ARL by applying
Equation 23, MRL, and SDRL. Modify the control
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limit value as required to accomplish the desired
ARL,.

4. Calculate the in-control ARL by applying
Equation 29.

Assessing the out-of-control ARL
1. Choose the exponential smoothing parameters 4,

and 4, , and the constant r; and I,

2. Utilize Equations 23 and 29 to calculate the ARL
for the DMEWMA statistic.

3. Determine the ARL, MRL, and SDRL for various
process phases.

4. Contrast the ARL values from (2).

5. Assess the efficacy of the DMEWMA control
chart relative to the MEWMA and EWMA control
charts.

This investigation contrasts the results of ARL,
and ARL: by employing explicit formulas and the
NIE procedure of ARMA(p,q) in conjunction with
the DMEWMA control chart. The ARL's precision
has been tested against the accuracy percentage,
which may be determined by:

%Acc = 100 - M x100%. (32)
9(v)
The standard deviation of the run length

(SDRL) and the median run length (MRL) are two
additional statistical measures that are utilized in
order to evaluate the performance of control charts,
[29]. When calculating the SDRL and MRL values
for a controlled process, the following formulas are
utilized:

log(0.5) . (33)
logl—p,)
where p, represents a type | error. The ARL, value
was determined to be 370 throughout the length of
this investigation, and the SDRL,, MRL, values can
be obtained by applying Equation 33.

ARL, = — SDRLO

MRL, = ————

To calculate SDRL,MRL, for an out-of-control

situation, substitute p,with p, where p, represents
the type Il error. In order to monitor changes in the
process mean, the control chart that is most useful
will display the values that are the lowest for ARL,,
SDRL,,and MRL,. Additionally, the relative mean

index (RMI) is utilized to assess the performance
effectiveness of the MEWMA control chart in
comparison to the standard EWMA control chart,
[30]. This statistic indicates that the control chart
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exhibits rapid and reliable efficacy in identifying
shifts when the RMI is at its minimum. RMI is
defined as

1| ARL,(c) - ARL, (m)

RMI (¢)= = !
© Z{ ARL,(m) }
where ARL;(c) represents the ARL of the control
chart for the shift size of row i, and ARLi(m) is the

ARL that is the shortest across all control charts for
the shift size of row i.

(34)

In addition, performance metrics can be
employed to evaluate the effectiveness of a control
chart across an interval of changes (5, <9 <3J,..)-

Additionally, the average extra quadratic loss
(AEQL) may indicate the average additional loss
that is the result of an out-of-control condition. The
average difference between the desired values and
the observed values during out-of-control periods

could be determined. The following is the
calculation of AEQL: [31].
1 Omax
AEQL = X@:Z% (87 % ARL(5)))
(35)

where & represents the change in the process, and
A represents the sum of the number of divisions
from 6,,, to J,,, . Inthis study, A=7 is determined

from ¢,,=0004 to o, =100. The optimal

performance is achieved by the control chart with
the lowest AEQL values. The Performance
Comparison Index (PCI) serves as a measure to
assess the effectiveness of different control charts.
The PCI is the proportion of the AEQL to identify
the most efficient monitoring chart, indicated by the
minimal AEQL. The equation for the PCI is
presented as follows:

pcl = AEQL

AEQL

lowest

(36)

4 Numerical Results

A comparison of the ARL using explicit formulas
and the NIE approach for the ARMA(2,1) process
on the one-sided DMEWMA control chart presented
in Table 1 (Appendix) for the various choices of ¢
at the change levels of 0.004, 0.008,...,1.0 with r1=
0.5, r,=15 4 =0.05 4, =0.05 0.1, ¢ =15
6,=0.1, ARL, =370. The analysis revealed that,
across all levels of change, the ARL values obtained
from the explicit formula and the NIE method were
nearly identical. When expressed in terms of
accuracy, the percentage reached 100% at every
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level. Furthermore, increasing A4,from 0.05 to 0.1

produced results that remained consistently close
between the two approaches. In addition, the
computation time showed that the explicit formula
required less than one second to process. Table 2
(Appendix) displays the results of an ARL
comparison using explicit formulas and the NIE
approach for the ARMA(1,2) process implemented
on a two-sided DMEWMA control chart for a
variety of choices of ¢ with g=0.1, r1=0.5, r, =
1.5, 1, =0.05, 4, =0.050.1¢4,=15 ¢4 =0.1,

The analysis showed that, for the ARMA(1,2)
model applied to the two-sided DMEWMA control
chart, the ARL values obtained using the explicit
formula and the NIE method were remarkably close,
with an accuracy rate of 100%. The results remained
consistent when A, was increased from 0.05 to 0.1

and were in full agreement with those presented in
Table 1 (Appendix).

The DMEWMA control chart is contrasted with
the MEWMA and EWMA control charts, with the
findings presented in Table 3 (Appendix). This
analysis is conducted following the revelation that
the explicit formula of ARL for the DMEWMA
control chart is precise. The ARL comparison for
the ARMA(1,3) process is shown in Table 3
(Appendix), which includes control charts for one-
sided and two-sided EWMA, MEWMA, and
DMEWMA. The studied models were set with

4 =014,=02, ¢, =0.5, ¢ =01,
6,=0.1,6,=02,6,=0.1, ARL, =370.

The research findings indicated that for a one-
sided control chart with g = 0, DMEWMA control
chart exhibited optimal performance with 1, r, =4,
demonstrating the lowest RMI and AEQL values,

including a PCI value of 1. The research results
indicated that DMEWMA control chart exhibited
optimal performance when 1, r, were both equal to
4 in the analysis of a two-sided control chart. The
results for the RMI, AEQL, and PCI values were the
same as those for the one-sided control chart.
Subsequently, the ARMA(2,2) model was
implemented in Table 4 (Appendix) to verify the
efficacy of the control chart. The ARL comparison
for the ARMA(2,2) process with 4, =0.1, 4, =0.2,

4,=05 ¢=02 ¢=03 6=016,=02 and
ARL, =370 is provided in Table 4 (Appendix) on

both one-sided and two-sided EWMA, MEWMA,
and DMEWMA control charts. Additionally, the
ARL, value of 370 is mentioned in order to
demonstrate the outcome of the comparison of the
performance of control charts. In accordance with
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the findings in Table 3 (Appendix), the research
results indicate that the DMEWMA control chart is

the most effective in detecting changes at the ;, I,

levels of 4, as well as in terms of the RMI, AEQL,
and PCI values. The ARL comparison for the

ARMA(2,2) process with 4, =01 4,=0.2,
# =05 4=02, ¢4=0346=016=02 and
ARL, =370 is provided in Table 4 (Appendix) on

both one-sided and two-sided EWMA, MEWMA,
and DMEWMA control charts. Additionally, the
ARL, value of 370 is mentioned in order to
demonstrate the outcome of the comparison of the
performance of control charts.

4.1 Application
For the real-data application, the researchers focused
on regional unemployment rates. The first dataset
examined the unemployment rate in Bangkok, while
the second analyzed the unemployment rate in the
Southern region. Both datasets consisted of monthly
observations spanning from January 2012 to
December 2021. The study evaluated the
performance of the DMEWMA control chart in
comparison with the MEWMA and EWMA control
charts using the explicit ARL formula, as shown in
Appendix in Table 5 and Table 6. The values of 4,
and 2, are 0.1 and 0.2, respectively. The coefficient
parameters for the ARMA(1,1) model are
determined through maximum likelihood estimation.
In the first dataset, the coefficient parameters
for ARMA(1,1) are determined through the

maximum likelihood estimation; ¢31=o.983,

él =0.459. The exponential parameter of this data
set is 0.2827. The following can be illustrated by
applying the parameters of this forecasting model:
Y, =0.983Y, , —0.459¢, ,. In the second dataset, the
coefficient parameters for ARMA(1,1) are also
determined using the maximum likelihood
estimation; ¢1 =0.996, 491 =0.621. This data set has
an exponential parameter of 0.3335. The following
can be illustrated by applying the parameters of this
forecasting model: Y, =0.996Y, , —0.621s, ,, as seen
in Table 7 (Appendix). In Table 5 (Appendix), the
ARL comparison for the ARMA(1,1) process of
unemployment rate in Bangkok was presented on
one-sided and two-sided EWMA, MEWMA, and
DMEWMA control charts with 4, =0.1, A4, =0.2,

4 =00983, 6 =0459, f=02827 and ARL, =370,

Additionally, the ARL comparison for the
ARMA(1,1) process of unemployment rate in the
Southern region is also shown in Table 6

E-ISSN: 2224-2678

699

Saowanit Sukparungsee, Yupaporn Areepong

(Appendix) on one-sided and two-sided EWMA,
MEWMA, and DMEWMA control charts with
4, =01, A,=02, ¢ =0.996, 6, =0.621,
B=03335 and ARL, =370.The results of the

analysis in Table 5 and Table 6 (Appendix) indicate
that both one- and two-sided control charts yield
comparable outcomes. The DMEWMA control
chart is the most effective in detecting changes
when r,=4as demonstrated by the lowest ARL

value and the lowest RMI and PCI values of 1. The
comparisons of the RMI, AEQL, and PCI values for
each control chart presented in Appendix in Table 5
and Table 6 can be more clearly visualized in
Appendix in Figure 1 and Figure 2, respectively.
Furthermore, Figure 3 (Appendix) illustrates the
shift-detection performance of each control chart. It
can be observed that the DMEWMA control chart
provides the fastest detection, identifying the
process shift as early as the second observation.
Consequently, it can be concluded that the
simulation results in Table 3 and Table 4
(Appendix) are in accordance with the results that
were applied to the actual data in Table 5 and Table
6 (Appendix).

5 Conclusion
This study used the explicit ARL calculation
algorithm to figure out the ARMA process on the
DMEWMA control chart. The formula cut down on
computing time by a lot, showing that it was quite
accurate and efficient. We compared the explicit
formula and the numerical integral equation (NIE)
method using the percentage of accuracy (%Acc)
criterion for ARL outcomes. The reliability of the
explicit formula was validated by the lack of
substantial discrepancies between the two ways. The
results also show that the explicit formula
substantially reduced computing time compared to
the NIE technique. The results show that the
DMEWMA control chart outperforms the other
types in detecting changes in the process, as
compared to the performance of DMEWMA,
MEWMA, and EWMA control charts. The lowest
values for RMI, AEQL, and PCI show that this is
the best way to find changes in the process mean.
The study corroborates that the simulation
validation results align with real data applications,
hence reinforcing the conclusion that the
DMEWMA control chart operates at peak
efficiency. Subsequent studies may focus on
formulating a precise equation for ARL values
within the DMEWMA control chart to aid in the
innovation of novel control charts or to explore its
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potential utility in other models. For future work,
deriving explicit formulas for the variance and full
distribution of the run length would be valuable, as
the current study only provides SDRL and MRL
using approximations from the ARL.
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APPENDIX

Saowanit Sukparungsee, Yupaporn Areepong

Table 1. ARL comparison using explicit formulas and NIE method for ARMA(2,1) process on one-sided
DMEWMA control char for different choices of ¢ with r1=1.5,r,=2.5, 4, =0.05 ¢, =156, =0.1, ARL, =370

" Shift size (&
Coefficients of process Methods (6)
S R h 0.004 0.008 0.01 0.04 0.08 0.1 1.0

Explicit 110.002 64.9205 53.9611 15.7897 8.51519 7.02498 1.5823
CPUsp  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)

0.1 0.1 2.165558 NIE 110.002 64.9205 53.9611 15.7897 8.51519 7.02498 1.5823
CPUne  (1.688)  (1.672)  (1.687)  (L672)  (1.672)  (1.672)  (L672)

%ACC 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Explicit 107.080 62.8938 52.2164 15.2227 8.20769 6.77227 1.54439
CPUsp  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)

0.2 1.95679 NIE 107.080 62.8938 52.2164 15.2227 8.20769 6.77227 1.54439

CPUne  (1.640)  (1.657)  (1.672)  (1.659)  (1.672)  (1.641)  (1.641)

0.05 %Acc 100.00 100.00 100.00 100.00 100.00 100.00 100.00
' Explicit 116.607 69.5210 57.9270 17.0850 9.21760 7.60206 1.66895
CPUsp  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001) (<0.001)

-0.1 0.1 2.653525 NIE 116.607 69.5210 57.9270 17.0850 9.21760 7.60206 1.66895
CPUne  (L687)  (L672)  (1.656)  (1.656)  (1.687)  (1.657)  (1.703)

%Acc 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Explicit 113.223 67.1392 55.8691 16.4082 8.85033 7.30032 1.62367
CPUsp  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)  (<0.001)

0.2 2.39697 NIE 113.223 67.1392 55.8691 16.4082 8.85033 7.30032 1.62367

CPUne  (L875)  (1.875)  (1.875)  (1.875)  (1.813)  (1.829)  (1.875)

%AcCC 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Explicit 109.845 64.7920 53.8475 15.7525 8.49672 7.01049 1.58189
CPUsp  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)

0.1 0.1 2.211325 NIE 109.845 64.7920 53.8475 15.7525 8.49672 7.01049 1.58189
CPUne  (1.890)  (1.844)  (1.766)  (L750)  (1.797)  (1.860)  (1.843)

%AcCC 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Explicit 116.779 69.6272 58.0163 17.1123 9.23245 7.61432 1.67100
CPUsp  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001) (<0.001)
-0.1 2.71814 NIE 116.779 69.6272 58.0163 17.1123 9.23245 7.61432 1.67100

CPUne  (1.844)  (2.047)  (1.859)  (1.813)  (1.843)  (1.844)  (1.891)

0.10 %AcCC 100.00 100.00 100.00 100.00 100.00 100.00 100.00

' Explicit 116.779 69.6272 58.0163 17.1123 9.23245 7.61432 1.671
CPUsp  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)  (<0.001)

-0.1 0.1 2.71814 NIE 116.779 69.6272 58.0163 17.1123 9.23245 7.61432 1.671
CPUne  (1.859)  (1.828)  (1.953)  (1.875)  (1.891)  (1.875)  (1.859)

%AcCC 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Explicit 125.007 75.5109 63.1195 18.8075 10.1497 8.36639 1.78002
CPUsp  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)  (<0.001)

-0.1 3.34608 NIE 125.007 75.5109 63.1195 18.8075 10.1497 8.36639 1.78002

CPUnve  (1.843)  (1.813)  (1.860)  (1.828)  (1.813)  (1.828)  (1.828)

%AcCC 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Note: The numerical results in parentheses are computational times in seconds
Source: created by the authors.
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Table 2. ARL comparison using explicit formulas and the NIE method for ARMA(1,2) process
on two-sided DMEWMA control chart for different choices of & with g=0.1, r1=1.5,r,=25,4, =0.05

¢, =15,4 =0.1, ARL, =370,

ici Shift size (0
Coefficients of process Methods (9)

4 6 6, h 0.004 0.008 0.01 0.04 0.08 0.1 1.0

Explicit 122464  73.6927  61.5449  18.3051  9.89287  8.16148  1.76537
CPUse  (<0.001)  (<0.001)  (<0.001)  (<0.001)  (<0.001)  (<0.001)  (<0.001)
02 02 335818 NIE 122464  73.6927  61.5449  18.3051  9.89287  8.16148  1.76537
CPUwe  (1.828)  (1.859)  (1.843)  (1.859)  (1.844)  (1.843)  (1.860)
%ACC 100.00 100.00 10000  100.00 10000  100.00  100.00

Explicit  126.899  76.9107  64.3456  10.2456 104022 857909  1.82599
CPUsp  (<0.001)  (<0.001)  (<0.001)  (<0.001)  (<0.001)  (<0.001)  (<0.001)
03  3.70908 NIE 126.899  76.9107  64.3456  19.2456 104022 857909  1.82599
CPUne  (1.844)  (1.860)  (1.828)  (1.875)  (1.860)  (1.843)  (1.844)
9%ACC 100.00 10000 10000 10000  100.00  100.00  100.00

0.05 Explicit 108277  63.7216 529314 154747 835798  6.9008 15759
CPUexp  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)

02 02 226849 NIE 108277 637216 529314 154747 835798  6.9008 15759
CPUme  (1.844)  (1.860)  (1.859)  (1.828)  (1.891)  (1.828)  (1.875)

%ACC 100.00 10000 10000  100.00  100.00  100.00  100.00

Explicit 111435  65.8966  54.8013  16.0803  8.68626  7.17059  1.61682

CPUep  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)

03 2500209  NIE 111435 658966  54.8013  16.0803  8.68626  7.17059  1.61682

CPUme  (1.703)  (1.671)  (1.703)  (1.672)  (1.672)  (1.719)  (1.656)

%ACC 100.00 10000 10000  100.00  100.00  100.00  100.00

Explicit 123223  74.2592  62.0401  18.4701 997985 823185  1.77291

CPUep  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)  (<0.001)

02 02 3454925  NIE 123223 742592 620401 184701  9.97985 823185  1.77291
CPUne  (1.687 (1.687)  (1.672)  (1.687)  (1.688)  (1.656)  (1.688)

%Acc  100.00 10000 10000  100.00  100.00  100.00  100.00

Explicit  128.023  77.7435 650732 1904879 105297 868212  1.83672

CPUmp  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)

03  3.82487 NIE 123223 777435 650731 194879 105297  8.68212  1.83672

CPUne  (1.687 (1.703)  (1.672)  (1.688)  (1.656)  (1.703)  (1.703)

0.10 %Acc  100.00 100.00  100.00 10000 10000  100.00  100.00

Explicit  108.174  63.6704 528910 154664 835477  6.89857  1.57647
CPUme  (<0.001)  (<0.001) (<0.001)  (<0.001)  (<0.001) (<0.001) (<0.001)
02 02 2317 NIE 108.174  63.6703  52.8910 154664 835477  6.89857  1.57647
CPUme  (L703)  (1.687)  (1.688)  (1.687)  (1.688)  (1.672)  (1.719)
%Acc  100.00 10000 10000  100.00  100.00  100.00  100.00

Explicit 111520 659662  54.8631  16.1025 869862  7.18084  1.61853
CPUep  (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001)  (<0.001)  (<0.001)
03 255769 NIE 111520 659662  54.8631 161025 869862  7.18084  1.61853
CPUme  (L703)  (1L.704)  (1.656)  (1.703)  (1.687)  (1.672)  (1.687)
%Acc  100.00 100.00 10000 10000 10000 10000  100.00

Note: The numerical results in parentheses are computational times in seconds
Source: created by the authors.
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Table 3. ARL comparison for the ARMA(1,3) process on one-sided and two-sided EWMA, MEWMA, and
DMEWMA control charts with 4, =0.1, 4, =0.2, ¢, =0.5,4 =0.1,6,=0.1,6, =0.2,6, =0.1 and ARL, = 370.

control DMEWMA MEWMA EWMA

g 5 Chart rﬁzzé:g' rrlzzzz'% rr12:42' rrlz:z n=05 n=20  n=4 =0
h= b=

h =2.922075 9.70705 h=19.32 h =36.875 d =1.24456 d=4.9988 d=10.0234 0.00363

0.000 ARL, 370.481 370.125 370.008 370.565 370.395 370.200 370.256 370.161

SDRL, 369.981 369.625 369.508 370.065 369.895 369.700 369.756 369.661

MRL, 256.451 256.204 256.123 256.509 256.392 256.256 256.295 256.229

0.004 ARL, 244,103 226.042 224.265 220.653 310.284 284.533 284.097 355.404

SDRL; 243.602 225.541 223.764 220.152 309.784 284.033 283.597 354.904

MRL, 168.852 156.334 155.102 152.598 214.726 196.876 196.574 246.001

0.008 ARL, 181.870 162.626 160.800 157.031 266.456 230.265 229.440 341.343

SDRL; 181.369 162.125 160.299 156.530 265.956 229.764 228.939 340.843

MRL, 125.716 112.377 111.111 108.499 184.346 159.261 158.689 236.254

0.01 ARL, 161.266 142.599 140.844 137.227 248.715 209.974 208.995 334.560

0 SDRL, 160.765 142.098 140.343 136.726 248.214 209.473 208.494 334.060

MRL; 111.434 98.4951 97.2786 947715 172.049 145.196 144,517 231.553

0.04 ARL, 59.3498 49.9336 49.0459 47.3479 121.353 87.2226 85.4590 249.823

SDRL, 58.8477 49.4311 48.5433 46.8452 120.852 86.7212 84.9575 249.322

MRL; 40.7906 34.2636 33.6483 32.4713 83.7684 60.1109 58.8884 172.817

0.08 ARL, 31.9612 26.7103 26.1888 25.2705 69.3188 46.7003 45.0551 173.445

SDRL; 31.4572 26.2055 25.6839 24,7655 68.8170 46.1976 44,5523 172.944

MRL; 21.8054 18.1654 17.8039 17.1673 47.7007 32.0224 30.8819 119.876

0.10 ARL, 25.9258 21.6828 21.2511 20.5159 56.3724 37.4021 35.8816 145.930

SDRL; 25.4209 21.1769 20.7451 20.0097 55.8702 36.8987 35.3781 145.429

MRL, 17.6215 14.6801 14.3808 13.8711 38.7268 25.5770 24.5230 100.804

1.00 ARL, 3.17062 2.95161 2.92540 2.88469 452776 3.57633 3.43651 2.82595

SDRL, 2.62340 2.40008 2.37330 2.33168 3.99660 3.03543 2.89363 2.27157

MRL, 1.82930 1.67550 1.65707 1.62843 277743 2.11344 2.01561 1.58708

RMI 0.19193 0.04459 0.02999 0.00297 1.08164 0.58068 0.54635 2.78219

AEQL 0.53729 0.49251 0.48742 0.47923 0.82517 0.63273 0.60865 0.83657

PCI 1.12115 1.02770 1.01709 1.00000 1.72185 1.32028 1.27004 1.74564

h= h= h= a= a= b=

h=3.07195 9.85985 19.47425 37.0288 d =1.36904 5.12622 10.15155 0.10953

0.000 ARL, 370.948 370.132 370.099 370.198 370.525 370.402 370.252 370.716

SDRL, 370.448 369.632 369.599 369.698 370.025 369.902 369.752 370.216

MRL, 256.775 256.209 256.186 256.255 256.482 256.396 256.292 256.614

0.004 ARL, 243.574 226.078 224.382 220.566 306.018 284.316 284.242 357.292

SDRL; 243.073 225.577 223.881 220.065 305.518 283.816 283.742 356.792

MRL, 168.486 156.358 155.183 152.538 211.769 196.726 196.675 247.309

0.008 ARL, 181.164 162.655 160.899 157.007 260.128 229.862 229.600 344.451

SDRL; 180.663 162.154 160.398 156.506 259.628 229.361 229.099 343.951

MRL, 125.226 112.397 111.180 108.482 179.960 158.981 158.800 238.408

0.01 ARL, 160.548 142.624 140.934 137.215 241.819 209.519 209.146 338.240

SDRL; 160.047 142.123 140.433 136.714 241.318 209.018 208.645 337.740

01 MRL, 110.936 98.5124 97.3410 94.7632 167.269 144.881 144.622 234.103

' 0.04 ARL, 58.9053 49.9272 49.0721 47.3537 114.704 86.6862 85.4201 259.535

SDRL; 58.4032 49.4247 48.5695 46.8510 114.203 86.1847 84.9186 259.035

MRL, 40.4825 34.2592 33.6664 32.4753 79.1597 59.7391 58.8614 179.549

0.08 ARL, 31.6909 26.6961 26.1957 25.2718 64.8696 46.2762 44,9511 186.388

SDRL; 31.1869 26.1913 25.6908 24.7668 64.3677 45.7735 44,4483 185.887

MRL, 21.6180 18.1555 17.8087 17.1682 44.6167 31.7284 30.8099 128.847

0.10 ARL, 25.7012 21.6677 21.2543 20.5160 52.6531 37.0252 35.7727 159.339

SDRL; 25.1962 21.1618 20.7483 20.0098 52.1507 36.5218 35.2692 158.838

MRL, 17.4658 14.6696 14.3830 13.8711 36.1487 25.3158 24.4475 110.098

1.00 ARL, 3.16235 2.95031 2.92498 2.88445 4.36903 3.54655 3.42262 3.95549

SDRL, 2.61498 2.39875 2.37287 2.33144 3.83659 3.00524 2.87953 3.41912

MRL, 1.82350 1.67458 1.65677 1.62826 2.66681 2.09261 2.00589 2.37835

RMI 0.18218 0.04144 0.02744 0 0.98240 0.56800 0.54115 3.03897

AEQL 0.46850 0.43075 0.42646 0.41930 0.69250 0.54898 0.53061 0.90233

PCI 1.11733 1.02731 1.01707 1.00000 1.65155 1.30928 1.26546 2.15197
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Table 4. ARL comparison for the ARMA(2,2) process on one-sided and two-sided EWMA, MEWMA, and
DMEWMA control charts with 4, =0.1, 4, =0.2, ¢, =0.5,¢4 =0.2,¢, =0.3,6, =0.1,6, =0.2 and ARL, = 370.

DMEWMA MEWMA EWMA
g o Control ri=2.0, ri=2.0, r=4, r=4,
Chart =05 =20 =2 r= 4 ri=05 ri=2.0 rn=4 r=0
h=1.8767 h =6.20975 h =12.34145 h = 23.55575 d=0.7223 d =2.88588 d =5.77948 b =0.00219
0.000 ARL, 370.754 370.372 370.966 370.186 370.262 370.384 370.307 370.760
SDRL, 370.254 369.872 370.466 369.686 369.762 369.884 369.807 370.260
MRL, 256.640 256.376 256.787 256.247 256.299 256.384 256.331 256.645
0.004 ARL; 184.258 155.021 149.246 145.389 257.299 174.535 157.926 355.231
SDRL, 183.757 154.520 148.745 144.888 256.799 174.034 157.425 354,731
MRL, 127.371 107.105 103.102 100.429 177.999 120.632 109.119 245.881
0.008 ARL; 122.753 98.3428 93.7621 90.8216 196.867 114.396 100.679 340.465
SDRL, 122.252 97.8415 93.2608 90.3202 196.366 113.895 100.178 339.965
MRL, 84.7388 67.8189 64.6437 62.6055 136.111 78.9462 69.4382 235.646
0.01 ARL, 105.241 83.2282 79.1575 76.5669 176.094 97.6458 85.3146 333.354
SDRL, 104.740 82.7267 78.6559 76.0653 175.593 97.1445 84.8131 332.854
0 MRL; 72.6004 57.3421 54.5205 52.7248 121.712 67.3357 58.7883 230.717
0.04 ARL, 33.8829 25.7893 24.3741 23.4936 67.2405 31.0357 26.5493 245.211
SDRL, 33.3792 25.2844 23.8689 22.9882 66.7386 30.5316 26.0445 244.710
MRL; 23.1375 17.5269 16.5458 15.9354 46.2601 21.1638 18.0538 169.621
0.08 ARL; 18.0968 13.9022 13.1748 12.7198 36.1462 16.6405 14.3127 167.107
SDRL, 17.5897 13.3929 12.6649 12.2096 35.6427 16.1328 13.8036 166.606
MRL; 12.1939 9.2854 8.7809 8.46539 24,7064 11.1842 9.5701 115.483
0.10 ARL, 14.7638 11.4248 10.8461 10.4825 29.1885 13.6149 11.7593 139.376
SDRL, 14.2550 10.9134 10.3340 9.96997 28.6841 13.1054 11.2482 138.875
MRL, 9.88286 7.56720 7.16578 6.91355 19.8833 9.08615 7.79922 96.2611
1.00 ARL; 2.33510 2.16535 2.13656 2.11267 2.97469 2.30880 2.20821 2.41307
SDRL, 1.76567 1.58852 1.55831 1.53320 2.42365 1.73832 1.63340 1.84657
MRL; 1.23987 1.11877 1.09816 1.08103 1.69172 1.22115 1.14942 1.29527
RMI 0.33887 0.07737 0.03028 0 1.30479 0.25089 0.10448 5.93699
AEQL 0.38201 0.34670 0.34066 0.33604 0.51997 0.37443 0.35391 0.76135
PCI 1.13681 1.03173 1.01376 1.00000 1.54735 1.11423 1.05318 2.26565
h=2.13851 h =6.41046 h=12.5278 h =23.4984 d =0.8360 d =3.00098 d =5.89492 b =0.10568

0.000 ARL, 370.486 370.013 370.026 370.768 370.673 370.440 370.436 370.607
SDRL, 369.986 369.513 369.526 370.268 370.173 369.940 369.936 370.107
MRL, 256.455 256.127 256.136 256.650 256.584 256.423 256.420 256.538
0.004 ARL; 186.822 154.894 148.961 144.460 246.902 171.114 156.233 356.373
SDRL, 186.321 154.393 148.460 143.959 246.401 170.613 155.732 355.873
MRL; 129.148 107.017 102.905 99.7851 170.793 118.260 107.946 246.672
0.008 ARL; 125.072 98.2702 93.6003 90.0728 184.881 111.499 99.3143 342.790
SDRL, 124571 97.7689 93.0990 89.5714 184.380 110.998 98.8130 342.290
MRL, 86.3463 67.7685 64.5316 62.0865 127.803 76.9381 68.4923 237.257
0.01 ARL; 107.380 83.1696 79.0253 75.8999 164.189 95.0250 84.0968 336.232
SDRL, 106.879 82.6681 78.5237 75.3982 163.688 94,5237 83.5953 335.732
01 MRL, 74.0830 57.3015 54.4289 52.2625 113.460 65.5191 57.9442 232.712
’ 0.04 ARL; 34.7842 25.7818 24.3426 23.2571 60.6459 30.0596 26.1178 253.844
SDRL, 34.2806 25.2769 23.8374 22.7516 60.1438 29.5554 25.6129 253.344
MRL; 23.7623 17.5217 16.5240 15.7715 41.6890 20.4872 17.7547 175.604
0.08 ARL; 18.6123 13.9048 13.1619 12.5947 32.4745 16.1328 14.0894 178.695
SDRL, 18.1054 13.3955 12.6520 12.0844 31.9706 15.6248 13.5802 178.194
MRL; 12.5513 9.28719 8.77200 8.37863 22.1612 10.8321 9.41520 123.515
0.10 ARL; 15.1922 11.4293 10.8369 10.3815 26.2467 13.2102 11.5811 151.343
SDRL, 14.6837 10.9179 10.3248 9.86884 25.7418 12.7004 11.0698 150.842
MRL; 10.1799 7.57033 7.15940 6.84348 17.8440 8.80549 7.67562 104.556
1.00 ARL; 2.40558 2.17325 2.13918 2.10298 2.86445 2.28750 2.19812 3.25579
SDRL, 1.83881 1.59680 1.56106 1.52301 2.31098 1.71615 1.62284 2.71005
MRL; 1.28996 1.12442 1.10003 1.07408 1.61418 1.20598 1.14221 1.88902
RMI 0.33466 0.07574 0.03304 0 1.00016 0.20100 0.08682 5.61646
AEQL 0.30600 0.27054 0.26522 0.26003 0.38489 0.28781 0.27368 0.70892
PCI 1.17679 1.04042 1.01997 1.00000 1.48016 1.10684 1.05251 2.72629
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Table 5. Real data ARL comparison for the ARMA(1,1) process on one-sided and two-sided EWMA,
MEWMA, and DMEWMA control charts with 4, =0.1, 4, =0.2,¢4 =0.983, ¢, =0.459, 5 =0.2827 and

ARL, = 370,
DMEWMA MEWMA EWMA
g 5 Cgﬁ;rr?' =20, r= 2.0, r= 4, r= 4, 05 0 4 o
r2=0.5 r=2.0 =2 r=4 rn="9. n=2 n= n=
h=0838 h=2.030 h=4000  h=6933 d=000281  d=111084  d=262415 b= 0000028
0.000 ARL, 370.158 370.856 370.855 370.628 370.777 370.819 370.533 370.457
SDRL, 369,658 370.356 370355 370128 370.277 370.319 370.033 369.957
MRL, 256.227 256.711 256710  256.553 256,656 256,685 256.487 256.434
0.004 ARL, 252.157 100.597 81.6648 65.9889 286.096 196.546 183.594 305.612
SDRL; 251,657 100.096 811633 654870 285.596 196.045 183.093 305.112
MRL, 174.435 69.3814 56.2584 45.3926 197.960 135.888 126.911 211.487
0008  ARL, 188.692 58,3256 46,2437 36.6968 230.623 132.258 120198 253.438
SDRL, 188.191 57.8234 45.7410 36.1933 230.122 131.757 119.697 252.938
MRL, 130.444 40.0807 31.7059 25.0881 159.509 91.3272 82.9678 175.323
001  ARL: 166.880 48,2363 380029  30.1490 207.428 113.285 102.041 231.231
SDRL, 166.379 47.7337 37.5896 29.6448 206.927 112.784 101.540 230.730
0 MRL, 115.325 33.0871 26,0559 20,5492 143431 78.1761 70,3823 159.930
0.04 ARL, 54,5745 13.7012 10.9994 8.86281 59.5305 33.4377 28.7326 67.0151
SDRL; 54.0722 131917 104875 834785 59.0284 32,9339 28,2282 665132
MRL, 37.4805 9.145997 7.27212 5.78974 40,9158 22,8289 19.5673 461039
008  ARL 252162 7.28071 6.06416 504555 19.0634 15.9881 13.6883 18,0113
SDRL, 24,7111 6.76225 5.54165 451797 18.5567 15.4800 13.1788 17.5042
MRL, 17.1296 4.69150 3.84638 3.13799 12.8641 10.7318 9.13705 12.1346
0.10 ARL, 19.2345 5.98480 5.06391 4.26979 12.2781 12.4855 10.7481 10.5617
SDRL, 18.7278 5.46196 453644 3.73648 11.7675 11.9751 10.2359 10.0493
MRL, 12.9827 3.79122 3.15076 2.59762 8.15905 8.30289 7.09780 6.96849
100  ARL 178847 1.45139 1.42760 127510 1.02652 1.65326 168322 1.00370
SDRL, 1.18750 0.80941 0.78131 0.71819 0.16499 1.03923 1.07238 0.06094
MRL, 0.84631 0.50348 05749 053356 0.18959 0.74650 0.76876 0.12371
RMI 3.56201 0.50720 025893 003863 3.55623 2.12185 1.79876 3.83026
AEQL 0.32319 0.22713 022039 019581 0.20095 0.27955 0.27787 0.19658
PCI 1.65050 1.15994 112551 1.00000 102623 1.42766 1.41908 1.00391
h=
h = 0.99129 =2167575  h=414688 706599  d=011725  d=123276 d=2750325  b=0.100982
0000  ARL 370.9000 370.7690 3704030 3708820 3704520 370.5530 370.9070 370.3390
SDRL, 370.3997 370.2687 3690027 3703817 3699517 370.0527 370.4067 369.8387
MRL, 256.7416 256.6508 256.3971 256.7291 256.4310 256.5010 256.7464 256.3527
0004  ARL 252.9110 98.0210 805056 654196 293.1840 186.7760 181.0090 320.9960
SDRL, 252.4105 97,5197 800040 649177 202.6836 186.2753 1805083 320.4956
MRL, 174.9577 67.5958 55.4549 44,9979 202.8729 129.1164 125.1190 222.1507
0008  ARL, 189.1530 56.6497 455341 36,3584 2376160 123.5740 117.8470 2792870
SDRL, 188.6523 56.1475 45.0313 35.8549 237.1155 123.0730 117.3459 278.7866
MRL, 130.7640 38.9190 312140 248535 164.3560 85.3079 81.3382 193.2402
001  ARL: 167.2030 46,8248 375030  29.8694 215.4580 105.3590 99.8742 260.8720
SDRL, 166.7023 46.3221 36.9996 29.3651 214.9574 104.8578 99.3729 260.3715
01 MRL, 115.5494 32.1087 25.6470 20.3553 148.9973 72.6822 68.8804 180.4759
1 004 ARL 54,2056 133331 10,8492 8.79244 69.8510 30,7450 27.9072 1035250
SDRL, 53.7033 12.8234 10.3371 8.27735 69.3492 30.2409 27.4026 103.0238
MRL, 37.2248 8.89072 7.16793 5.74091 48.0696 20.9623 18.9951 71.4109
008  ARL: 24,9145 7.12397 5.99901 5.01466 25.6903 14.8213 13.2965 38,2437
SDRL, 24.4094 6.60507 5.47623 4.48689 25.1853 14.3126 12.7867 37.7404
MRL, 16.9205 458265 3.80110 3.11649 17.4583 9.92273 8.86534 26.1604
0.10 ARL, 18.9915 5.86980 5.01564 4.24676 17.4805 11.6930 10.4514 25.1948
SDRL, 18.4847 5.34647 4.48787 3.71325 16.9731 11.1819 9.93883 24.6897
MRL, 12.8142 3.71128 3.11717 2.58157 11.7666 7.75325 6.89198 17.1148
1.00 ARL, 1.80996 1.45358 1.42866 1.37551 1.10277 1.64506 1.67928 1.05909
SDRL, 121078 0.81198 078257 071869 0.33665 1.03013 1.06804 0.25016
MRL, 0.86204 0.59517 057579 053389 0.29209 0.74039 0.76583 0.24017
RMI 3.12257 0.41448 0.21234 0.03735 3.68190 1.69252 1.52800 5.08192
AEQL 0.25321 0.17656 0.17139 0.16339 0.17724 0.21416 0.21489 0.19673
PCI 154977 1.08064 1.04898 1.00000 1.08480 1.31076 131518 1.20404
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Table 6. South ARL comparison for the ARMA(1,1) process on one-sided and two-sided EWMA, MEWMA,
and DMEWMA control charts with 4, =0.1,4, =0.2,¢ =0.996, ¢, =0.621, #=0.3335 and ARL, = 370.

DMEWMA MEWMA EWMA
o Control ri=2.0 r=2.0 rn=4 rn=4
Chart =05 =20 =2 1= 4 ri=0.5 rn=2.0 rn=4 r=0
h=1.2072 h =3.25745 h=6.77613 h=12.0174 d =0.09612 d =1.54089 d = 3.06809 b =0.000465
0.000 ARL, 370.019 370.733 370.674 370.458 370.418 370.065 370.923 370.505
SDRL, 369.519 370.233 370.174 369.958 369.918 369.565 370.423 370.005
MRL, 256.131 256.626 256.585 256.435 256.407 256.163 256.758 256.468
0.004 ARL; 317.485 167.225 162.928 126.589 316.433 232.586 184.813 324.608
SDRL, 316.985 166.724 162.427 126.088 315.933 232.085 184.312 324.108
MRL, 219.717 115.565 112.586 87.39778 218.988 160.870 127.756 224.654
0.008 ARL; 273.676 107.157 103.420 76.1973 273.408 167.555 121.727 285.254
SDRL, 273.176 106.656 102.919 75.6956 272.908 167.054 121.226 284.754
MRL, 189.351 73.9285 71.3381 52.4686 189.165 115.793 84.0277 197.376
0.01 ARL, 254.634 90.6424 87.2087 63.5213 255.079 146.446 103.640 267.698
SDRL, 254,134 90.1410 86.7073 63.0193 254.579 145.945 103.139 267.198
MRL, 176.152 62.4813 60.1012 43.6821 176.460 101.162 71.4906 185.207
0.04 ARL, 103.697 26.3056 24.8295 18.1627 109.909 46.3319 30.1534 111.845
SDRL, 103.196 25.8008 24.3244 17.6556 109.408 45,8292 29.6492 111.344
MRL; 71.5301 17.8848 16.8615 12.2396 75.8360 31.7670 20.5522 77.1780
0.08 ARL; 46.5406 13.1138 12.3171 9.46455 49,7183 21.9986 14.6913 42.5403
SDRL, 46.0379 12.6039 11.8065 8.95060 49.2158 21.4928 14.1825 42.0373
MRL; 31.9117 8.73864 8.18610 6.20730 34.1144 14.8990 9.83259 29.1387
0.10 ARL; 34.5625 10.4633 9.83318 7.71498 36.2570 17.0531 11.6089 28.1248
SDRL, 34.0588 9.95075 9.31978 7.19763 35.7535 16.5455 11.0976 27.6203
MRL, 23.6086 6.90023 6.46307 4.99303 24.7832 11.4702 7.69490 19.1460
1.00 ARL; 2.19297 1.74779 1.74404 1.56140 1.46716 1.89583 1.78407 1.04454
SDRL, 1.61745 1.14323 1.13914 0.93625 0.82789 1.30320 1.18272 0.21569
MRL, 1.13853 0.81644 0.81368 0.67763 0.60568 0.92461 0.84309 0.21970
RMI 2.90206 0.43110 0.37570 0.07069 2.93030 1.17748 0.58774 2.68862
AEQL 0.43578 0.28529 0.28270 0.24878 0.33884 0.33005 0.29479 0.26103
PCI 1.75167 1.14678 1.13635 1.00000 1.36201 1.32670 1.18496 1.04926
h=1.37719 h =3.41279 h =6.93467 h=12.1707 d =0.2081 d=1.66673 d=3.1939 b =0.11084

0.000 ARL, 370.392 370.334 370.254 370.657 370.915 370.630 370.317 370.248
SDRL, 369.892 369.834 369.754 370.157 370.415 370.130 369.817 369.748
MRL, 256.389 256.349 256.294 256.573 256.752 256.554 256.337 256.290
0.004 ARL; 343.546 168.145 164.203 126.669 304.558 227.932 182.176 336.665
SDRL, 343.046 167.644 163.702 126.168 304.058 227.431 181.675 336.165
MRL; 237.781 116.202 113.470 87.4532 210.757 157.644 125.928 233.012
0.008 ARL, 313.543 107.877 104.417 76.2364 255.388 162.505 119.448 306.776
SDRL, 313.043 107.376 103.916 75.7347 254.888 162.004 118.947 306.276
MRL; 216.985 74.4275 72.0292 52.4957 176.675 112.293 82.4480 212.294
0.01 ARL; 298.185 91.2619 88.0738 63.5497 235.359 141.546 101.563 293.068
SDRL, 297.685 90.7605 87.5724 63.0477 234.858 141.045 101.062 292.568
MRL, 206.339 62.9107 60.7009 43.7018 162.792 97.7652 70.0510 202.792
0.04 ARL; 129.664 26.4035 25.0101 18.1564 93.3450 44,0614 29.3782 156.140
SDRL, 129.163 25.8987 24.5050 17.6493 92.8437 43.5585 28.8739 155.639
MRL; 89.5292 17.9527 16.9867 12.2352 64.3546 30.1931 20.0148 107.881
0.08 ARL; 54.3820 13.1213 12.3659 9.45697 41.6325 20.8934 14.3149 77.2982
SDRL, 53.8797 12.6114 11.8554 8.94300 41.1295 20.3873 13.8058 76.7966
MRL; 37.3471 8.74384 8.21994 6.20204 28.5095 14.1328 9.5716 53.2317
0.10 ARL; 39.2930 10.4604 9.86221 7.70818 30.4785 16.2155 11.3204 57.0104
SDRL, 38.7898 9.94784 9.34885 7.19082 29.9743 15.7075 10.8088 56.5082
MRL; 26.8878 6.89822 6.48322 4.98831 20.7776 10.8895 7.49479 39.1690
1.00 ARL, 2.23145 1.75251 1.74668 1.66241 1.46851 1.88445 1.77885 1.47239
SDRL, 1.65768 1.14838 1.14202 1.04938 0.82946 1.29101 1.17705 0.83399
MRL, 1.16601 0.81991 0.81563 0.75331 0.60672 0.91635 0.83926 0.60972
RMI 3.00327 0.32134 0.27573 0.01650 2.11942 0.89767 0.42686 3.68320
AEQL 0.35947 0.22245 0.22029 0.20470 0.24821 0.25322 0.22793 0.31571
PCI 1.75608 1.08670 1.07613 1.00000 1.21251 1.23703 1.11348 1.54226

Source: created by the authors.
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Table 7. The ARMA model parameters and the model fit statistics

Model fit
Model Coefficient t Sig RMS Normalized
E BIC
AR() (4> 0.983 55.835  0.000
A 0.360 -1.964
MA(1) &) 0.459 5202  0.000
Unemployment Residual of Application Residual ARMA(1,1) model
rate in Bangkok Exponential parameter 0.2827
ARMA(LI) One-sample Kolmogorov- 1137
Smirnov test '
p-value 0.151
AR(1) (4> 0.996 130.220  0.000
MA(D) (& 0.621 7661 ooam % L9z
Unemployment @ : : :
rate in Southern Residual of Application Residual ARMA(1,1) model
region Exponential parameter 0.3335
ARMA(1,1) One-sample Kolmogorov- 0.730
Smirnov test '
p-value 0.662

Source: created by the authors.
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Fig. 1: The RMI, AEQL and PCI values on various charts for the first set of actual data when (A) one-sided
and (B) two-sided.
Source: created by the authors.
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Fig. 2: The RMI, AEQL and PCI values on various charts for the second set of actual data when (A) one-sided
and (B) two-sided.

Source: created by the authors.
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Fig. 3: The first real data with 4 =0.1, 4, =0.5,4, =0.983, 6, =0.459, and £ =0.2827 when (A) EWMA,

(B) MEWMA, and (C) DMEWMA control charts
Source: created by the authors.
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